Introduction
============

Skin development is a complex dynamic process that results in formation of the epidermis, a stratified self-renewed epithelium, and several skin appendages including hair follicles (HFs), nails, and glands ([@bib6]). HF morphogenesis is driven by bidirectional ectodermal--mesenchymal interactions between epidermal keratinocytes and a specialized population of dermal fibroblasts, and results in formation of the hair bulb, in which epithelial progenitor cells proliferate and differentiate into six distinct cell lineages to form the hair shaft and its supporting layers of the inner root sheath ([@bib44]; [@bib56]; [@bib6]). HF morphogenesis is governed by a well-balanced interplay between cell proliferation, differentiation, and apoptosis, which are controlled at several levels including signaling/transcription factor-mediated and epigenetic regulatory mechanisms ([@bib44]; [@bib56]; [@bib6]; [@bib9]; [@bib19]).

During postnatal life, HFs undergo cyclic regeneration with periods of active growth (anagen), regression (catagen), and relative resting (telogen; [@bib64]; [@bib58]). Initiation of a new growth phase in resting HFs occurs as a result of signaling exchange between epithelial stem cells residing in the bulge/secondary hair germ and dermal papilla fibroblasts, and is driven by the growth stimulatory molecules (Wnt ligands, BMP inhibitors, Shh, TGF-β2, FGF7, FGF10), the effects of which predominate over the growth inhibitory signals generated by the BMP ligands or FGF18 ([@bib23]).

In addition to signaling/transcription factor--mediated and epigenetic regulatory mechanisms, programs of gene activation and silencing governing HF development and cycling are controlled by microRNAs (miRNAs; [@bib76]; [@bib85]; [@bib47]). miRNAs largely contribute to the regulation of gene expression by fine tuning and buffering the activity of signaling pathways. miRNAs interact with their target complimentary messenger RNAs by base-pairing between 5′ end sequences of miRNAs and mRNAs sequences located in the 3′ untranslated region (3′ UTR), which leads to either mRNA destabilization, the inhibition of translation initiation, or both ([@bib32]; [@bib2]). In turn, the expression of miRNA can be controlled by cell type--specific transcription factors, and a major constituent of the miRNA processing machinery, Dicer, serves as a target gene of p63 and microphthalmia-associated transcription factor (MITF) in epithelial cells and melanocytes, respectively ([@bib35]; [@bib65]). In addition, miRNAs can alter activities of the signaling pathways not only by targeting their genes, but also by acting as their downstream components ([@bib1]). Therefore, miRNAs and their targets represent remarkably diverse regulatory networks, playing a key role in the execution of gene expression programs in stem cells and their progenies ([@bib2]; [@bib26]).

Recent data demonstrated critical roles of miRNAs in controlling the activity of cutaneous stem cells and their lineage-committed progenies that drive skin development and regeneration ([@bib76]; [@bib85]; [@bib47]). Early studies by [@bib4] and [@bib77] have identified ∼70 miRNAs expressed in mouse embryonic skin. We have recently shown that expression levels of \>200 miRNAs are changed during HF cyclic regeneration in mouse skin ([@bib41]). These findings suggest that miRNAs play a powerful role in the control of gene expression programs during skin development and hair cycle--associated tissue remodeling. Indeed, constitutive epidermal-specific deletion of the miRNA processors *Dicer* or *Dgcr8* results in the severe abnormalities in HF development characterized by the inability of the HFs to invaginate into the dermis ([@bib4]; [@bib77]). Inducible epidermal deletion of *Dicer* or *Drosha* in postnatal mouse skin has also demonstrated the crucial importance of miRNAs in the maintenance of the normal HF growth cycle ([@bib66]).

Individual miRNAs are involved in controlling the expression of several key regulators of stem cell activity in the skin and HFs: miR-203 controls the proliferative potential of epithelial precursor cells by direct inhibition of p63 expression ([@bib34]; [@bib78]), and miR-125b serves as a rheostat that controls stem cell proliferation, fate commitment, and differentiation ([@bib80]), while miR-205 is indispensable for stem cell survival ([@bib72]). miR-31 is highly expressed in the HF during the anagen phase and controls hair cycle--associated tissue remodeling by regulating the expression of several important components of the Wnt, BMP, and FGF signaling pathways ([@bib41]).

Although substantial progress has been made in discovering the important players controlling skin and HF development and cycling, understanding the molecular mechanisms involved in the establishment of signaling/transcription networks in the keratinocytes still requires additional efforts. In this study, we aimed to explore a role of miR-214 in HF development and cycling. [@bib77] showed that miR-214 is one of the most abundant miRNAs expressed in the HFs of embryonic day 17.5 (E17.5) embryonic skin. Mouse miR-214 is encoded by a primary transcript Dynamin3-opposite strand (Dnm3os; [@bib38]), deletion of which leads to skeletal abnormalities and a lethal phenotype ([@bib74]). The expression of the miR-214 gene is developmentally regulated by Twist-1, a key transcriptional factor controlling epithelial--mesenchymal transitions ([@bib33]), which is crucial for normal development and tissue repair. It has also been demonstrated that miR-214 plays an important role in controlling the development of the nervous system, teeth, the pancreas, and bone formation ([@bib28]; [@bib13]; [@bib59]; [@bib73]). However, its role in the control of skin and HF development and homeostasis is unknown.

In this study, we demonstrate that miR-214 show distinct expression patterns in the developing epidermis and HF. Keratinocyte-specific miR-214 overexpression causes a marked decrease in the number of HFs in developing skin, and a delay in anagen progression during postnatal development, which is associated with inhibition of cell proliferation in the epidermis and HFs. These effects are accompanied by dramatic changes in the gene expression and activity of different signaling pathways including Wnt, Shh, Eda, and Bmp, and are rescued by the administration of Wnt pathway activators. Furthermore, we identified β-catenin as a direct miR-214 target, which suggests that miR-214 is an important regulator of Wnt signaling pathway activity in developing and postnatal skin.

Results
=======

miR-214 exhibits distinct expression patterns in the epidermis and HFs in developing and postnatal skin
-------------------------------------------------------------------------------------------------------

To understand the role of miR-214 in the control of skin morphogenesis and HF cycling, miR-214 expression was examined in mouse back skin at different developmental stages, as well as during the first postnatal and depilation-induced hair cycles. Low levels of miR-214 expression were detected in embryonic skin at E14.5 during onset of the HF development, while its expression was dramatically elevated in the total skin of newborn mice containing HFs at different stages of development ([Fig. 1 A](#fig1){ref-type="fig"}). High miR-214 expression levels were maintained in the skin until P12, while its expression was decreased significantly during HF transition to the first regressing phase (catagen, P16-17) and remained low during subsequent resting phase (telogen; P20-22; [Fig. 1 B](#fig1){ref-type="fig"}). Similar fluctuations in the miR-214 levels were observed in adult skin during depilation-induced hair cycle: miR-214 expression progressively increased during HF transition from telogen to anagen and was maximal during the late anagen stage of the hair cycle (day 12 after depilation) followed by rapid decrease during catagen ([Fig. 1 C](#fig1){ref-type="fig"}).

![**Spatiotemporal expression of miR-214 during HF morphogenesis and cycling.** (A--C) TaqMan real-time RT-PCR analysis of miR-214 expression. (A) miR-214 levels in in the skin of newborn mice at P0.5 compared with embryonic skin at E14.5. *n* = 3 mice for each time point. Data are presented as mean ± SD (error bars); \*\*, P \< 0.01; Student's *t* test. (B) miR-214 levels in skin during the postnatal hair cycle: anagen-like stage (P12), catagen (P16--P17), and telogen (P20--P22). *n* = 2 mice for each time point. Data are presented as mean ± SEM (error bars). (C) miR-214 in depilation-induced hair cycle: telogen (day 0), anagen (days 3--12), and catagen (days 17--19). *n* = 2 mice for each time point. Data are presented as mean ± SEM (error bars). (D--G) miR-214 in situ hybridization. (D) miR-214 in the developing epidermis using Tyramide Signal Amplification for fluorescent detection. miR-214 expression was detected in the suprabasal epidermal layers at E14.5 (arrow); more prominent miR-214 signal is visible throughout the epidermis at E17.5 and P3.5 (arrows). The broken lines demarcate the epidermal--dermal border. (E) HF morphogenesis. miR-214 appears in the developing hair placodes at E17.5 (arrow). At P0.5, miR-214 is expressed throughout the epithelium of stage 3--6 HFs (arrow). In fully developed HFs (stage 8, P3.5), miR-214 expression increased in the developing hair matrix (arrow) and individual cells of the outer root sheath (arrowheads). (F) Hair cycle. miR-214 is expressed in telogen secondary germ (arrow), and appears in the hair matrix (arrow), outer root sheath (small arrow), and in the bulge area (arrowheads) in mid-anagen HF. In late anagen, prominent expression of miR-214 in the hair matrix (arrows) and in the outer root sheath (arrowheads) is seen. In catagen, miR-214 is expressed in the regressing hair matrix (arrow), outer root sheath (small arrow), and in the epithelial strand of the mid-catagen HF (arrowheads), whereas it disappears from the epithelial strand in the advanced catagen HFs (asterisk). (G) The scramble negative control using Tyramide (left) and chromogenic (right) detections. The broken line demarcates the epidermal--dermal border. Bars: (D) 25 µm; (E, left two panels) 25 µm; (E, right) 50 µm; (F) 50 µm; (G) 25 µm.](JCB_201404001_Fig1){#fig1}

In situ hybridization analysis showed that in E14.5 and E17.5 skin, miR-214 expression was seen in the suprabasal epidermal layers, whereas in postnatal day 3.5 (P3.5) skin, relatively weak miR-214 expression was also seen in the basal epidermal layer ([Fig. 1 D](#fig1){ref-type="fig"}). miR-214 was abundantly expressed throughout the epithelium in the HF placodes and during more advanced stages of HF morphogenesis (E17.5--P0.5; [Fig. 1 E](#fig1){ref-type="fig"}; see [Fig. 7 E](#fig7){ref-type="fig"}). In fully developed HFs, miR-214 expression substantially increased in the developing hair matrix and individual cells of the outer root sheath (P3.5; [Fig. 1 E](#fig1){ref-type="fig"}).

During HF cycling, miR-214 expression was restricted to the secondary germ of the telogen HFs, while in early anagen HFs, miR-214 expression appeared in the growing hair matrix, the outer root sheath, and in the bulge area ([Fig. 1 F](#fig1){ref-type="fig"}). In fully developed anagen HFs, miR-214 was prominently expressed in the hair matrix, as well as in the distinct cells of the outer root sheath ([Fig. 1 F](#fig1){ref-type="fig"}; see [Fig. 7 E](#fig7){ref-type="fig"}). During catagen, miR-214 expression was seen in the regressing hair matrix, outer root sheath, and in the epithelial strand of the mid-catagen HF, whereas its expression disappeared from the epithelial strand at the advanced catagen stages ([Fig. 1 F](#fig1){ref-type="fig"}). These data suggest that miR-214 exhibits discrete expression patterns in selected epithelial compartments of the skin: it is predominantly localized in the suprabasal epidermal layers and in the epithelium of the developing HFs, as well as in the secondary germ of telogen HFs and hair matrix of anagen HFs.

Krt14-driven miR-214 overexpression results in alterations of epidermal and HF development
------------------------------------------------------------------------------------------

To amplify the miR-214 effects on the epithelial progenitor cell population located in the basal epidermal layer and HF outer root sheath, where miR-214 was relatively underexpressed compared with more the differentiated keratinocytes of the suprabasal epidermal layer and HF matrix keratinocytes ([Fig. 1, D--F](#fig1){ref-type="fig"}), mice overexpressing miR-214 under the control of doxycycline (Dox)-inducible Krt14-promoter (K14-rtTA/miR-214-TRE double transgenic \[DTG\]) were generated ([Fig. 2 A](#fig2){ref-type="fig"}). Induction of transgene by Dox starting from E10.5, which corresponds to the onset of Krt14 expression in the developing epidermis ([@bib11]), caused a dramatic increase in the level of miR-214 in the skin of DTG mice. This was confirmed by RT-qPCR ([Fig. 2 B](#fig2){ref-type="fig"}). Transgene expression was also confirmed by mCherry fluorescence in the basal epidermal layer of E15.5 skin ([Fig. 2 C](#fig2){ref-type="fig"}).

![**Inhibitory effects of miR-214 on skin and HF morphogenesis.** (A) Schematic representation of the constructs for generation of K14-rtTA/miR-214-TRE (DTG) mice. (B) Real-time RT-PCR. There were increased levels of miR-214 in the skin of neonatal DTG mice at P0. *n* = 3 mice/genotype. (C) mCherry fluorescence in the epithelium of DTG mice at E15.5 after activation by Dox after E10.5. The broken lines demarcate the epidermal--dermal border. (D) DTG and WT littermates were given Dox after E10.5 and photographed at P15. (E) Immunofluorescence of Ki-67 (red) in the epidermis of E15 skin with nuclear staining (DAPI, blue). There was a significant decrease of Ki-67+ cells at E15 and P8.5 in DTG epidermis. *n* = 3 mice/genotype for each time point. (F) Decrease in the epidermal thickness in DTG mice at E15, P0.5, and P8.5. *n* = 3 mice/genotype for each time point. (G) Immunofluorescence of BrdU (red) and K14 (green) in the epidermis of P6 skin with nuclear staining (DAPI, blue). There was a significant reduction in BrdU+ cells in both basal and suprabasal epidermal layers of DTG versus WT mice. *n* = 3 mice/genotype for each time point. (H) Immunofluorescence of K14 (red), K10 (green), and Loricrin (green) in the E15.5 epidermis and Loricrin (red) in the P6.5 epidermis with nuclear staining (DAPI, blue). There were no differences in the expression of K14, K10, and Loricirin between DTG and WT in E15 skin. There was increased Loricrin expression in DTG epidermis at P6.5. (I) Representative microphotographs of back skin histology of DTG and WT mice at different embryonic and postnatal days of skin and HF development. Arrows indicate HF placodes, and the broken lines demarcate the epidermal--dermal border. (J) Quantification of the total HF number per millimeter of skin in DTG versus WT littermate at E15, E17, P0.5, and P8.5. *n* = 3 mice/genotype for each time point. (K) Immunodetection of pH3(Ser28) (red) with nuclear staining (DAPI, blue) in the hair bulbs of DTG and WT mice at P8.5. (L) Quantification of a ratio of pH3(Ser28)+ to total cell number in the hair matrix at P8.5. *n* = 3 mice/genotype. (M) Significant reduction in hair bulb diameter in the DTG HFs at P8. *n* = 3 mice/genotype. (N) Quantification of the number of dermal papilla cells at P8.5. *n* = 3 mice/genotype. (O) Representative images of the different hair shaft types (guard, awl, auchene, and zigzag) plucked from telogen HFs of DTG and WT mice at P20. G, guard; Aw, awl; Ach, auchene; Z, zigzag. (P) Quantification of the number of different hair shaft types in DTG and WT mice. No difference between DTG and WT mice was detected. *n* = 4 mice/genotype. (Q) Significant decrease in the hair shaft thickness of the awl, auchene, and zigzag hairs in DTG versus WT mice. *n* = 4 mice/genotype. Data are presented as mean ± SD (error bars); \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; Student's *t* test. Bars: (C, E, I, K, and O) 50 µm; (G and H) 25 µm.](JCB_201404001_Fig2){#fig2}

DTG mice were viable, fertile, and showed appearance of a "rough" fur coat postnatally ([Fig. 2 D](#fig2){ref-type="fig"}).

Between E15.5 and P8.5, DTG mice showed significantly decreased epidermal proliferation and thinner epidermis compared with wild type (WT) controls ([Fig. 2, E and F](#fig2){ref-type="fig"}). When P6 DTG and WT mice were pulsed with BrdU for 12 h followed by the costaining of BrdU and either K14 or K10, the majority of BrdU-positive cells were seen in the basal K14+ cells in both DTG and WT mice. However, it was a significant reduction in the number of BrdU+ cells in both basal and suprabasal epidermal layers of DTG mice compared with WT control ([Fig. 2 G](#fig2){ref-type="fig"}).

The expression of Keratin 14, Keratin 10, and Loricrin in basal or suprabasal epidermal layers, respectively, was quite similar in E15.5 DTG mice compared with WT mice ([Fig. 2 H](#fig2){ref-type="fig"}). However, Dox-treated epidermis of newborn DTG mice exhibited the increase of *Lor* transcript compared with the control ([Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201404001/DC1){#supp1}). Also, increased Loricrin protein expression was seen in the upper layers of the epidermis of the P6.5 DTG mice versus age-matched WT mice ([Fig. 2 H](#fig2){ref-type="fig"}). Therefore, decreased epidermal thickness in miR-214 DTG mice could be developed because of the reduced keratinocyte proliferation and accelerated terminal differentiation in the epidermis.

Interestingly, miR-214 overexpression caused a lack of ∼30% of HFs in the back skin ([Fig. 2, I and J](#fig2){ref-type="fig"}). The number of induced HFs was significantly decreased in DTG mice at E15.5, E17.5, P0.5, and P8.5 compared with WT controls ([Fig. 2, I and J](#fig2){ref-type="fig"}), which suggests that miR-214 overexpression alters the induction process in both primary and secondary HFs. The rate of HF development was not significantly different between DTG and WT mice; all HFs in DTG and WT mice reached the first anagen phase at P8.5 ([Fig. 2 I](#fig2){ref-type="fig"}). However, all transgenic HFs at P8.5 showed significantly reduced length, which was accompanied by markedly reduced total skin thickness (Fig. S1, B and C). The hair bulb size and cell proliferation in the HF matrix were significantly reduced in all HFs of DTG mice versus the WT HFs ([Fig. 2, I and K--M](#fig2){ref-type="fig"}), whereas no apoptotic cells were detected in the HFs or interfollicular epidermis in DTG or WT mice (not depicted). In addition, a significant decrease in the number of dermal papilla cells was observed in transgenic HFs versus the corresponding controls ([Fig. 2 N](#fig2){ref-type="fig"}).

Despite the fact that the proportions of the guard, awl, auchen, and zigzag hair in DTG mice were similar to WT mice ([Fig. 2, O and P](#fig2){ref-type="fig"}), morphometric analyses of their hair shafts (P20; telogen HFs) revealed a significant decrease of their thickness but not the length in DTG versus WT mice ([Fig. 2 Q](#fig2){ref-type="fig"} and Fig. S1 D). Therefore, the changes in visual coat appearance in DTG mice were most likely caused by the reduced number of the HFs, as well as by the decreased thickness of the hair shafts induced by miR-214 overexpression.

Gain of miR-214 activity in postnatal skin alters HF cycling and HF size
------------------------------------------------------------------------

To explore the effects of miR-214 on HF cycling, DTG mice were treated with Dox during telogen phase followed by the induction of the hair cycle by depilation ([Fig. 3 A](#fig3){ref-type="fig"}). Although telogen--anagen transition was initiated in DTG mice, they exhibited a significant delay in early anagen development compared with WT control (days 3 and 5 after depilation; [Fig. 3, B and C](#fig3){ref-type="fig"}). Anagen VI HFs were significantly shorter in DTG mice compared with WT mice ([Fig. 3 D](#fig3){ref-type="fig"}). On days 5--12 after depilation, the size of hair bulbs in DTG HFs was significantly reduced compared with WT controls ([Fig. 3 E](#fig3){ref-type="fig"}). These changes were associated with significantly decreased cell proliferation in the hair matrix and increased transcript levels of the cyclin-dependent kinase inhibitors *Cdkn2a (p16)* and *Cdkn2d (p19)* in DTG skin compared with WT mice ([Fig. 3, F and G](#fig3){ref-type="fig"}). Analysis of apoptosis by the detection of active caspase-3 did not reveal any differences between HFs in DTG and WT mice (Fig. S1 E). The number of dermal papilla cells in transgenic anagen VI HFs was significantly reduced ([Fig. 3 H](#fig3){ref-type="fig"}). Similar to HF morphogenesis, anagen DTG HFs produced significantly thinner hair shafts compared with WT controls ([Fig. 3 I](#fig3){ref-type="fig"}). These data suggest that miR-214 exerts its effects on HF development and cycling by modulation of keratinocyte proliferation and differentiation, as well as by regulating epithelial--mesenchymal interactions in the HF including the control of dermal papilla cell number.

![**Gain of miR-214 function inhibits hair cycle progression.** (A) Schematic illustration of the experimental design. (B) Representative microphotographs of back skin histology of DTG and WT mice at different days of a depilation-induced hair cycle. Bars, 50 µm. (C) Quantitative histomorphometry of HFs at different anagen substages at days 3 and 5 after depilation in DTG and WT mice. *n* = 5 mice/genotype for each time point. (D) Quantification of HF length at days 5 and 12 after depilation. *n* = 5 mice/genotype for each time point. (E) Quantification of hair bulb diameter in the HFs at day 5 and 12 after depilation. *n* = 5 mice/genotype for each time point. (F) Immunodetection of pH3(Ser28) (red) in the hair bulbs of DTG and WT mice with nuclear staining (DAPI, blue). A significant reduction in the number of pH3(Ser28)+ cells in the HF of DTG mice at days 3, 5, and 12 after depilation was seen. *n* = 5 mice/genotype for each time point. Bar, 50 µm. (G) Real-time RT-PCR analysis of *Cdkn2a* and *Cdkn2d* expression at day 12 after depilation. *n* = 3 mice/genotype. (H) Quantification of the number of dermal papilla cells in anagen HFs at day 12 after depilation. *n* = 5 mice/genotype for each time point. (I) Quantification of the hair shaft thickness of the awl, auchene, and zigzag hairs in DTG versus WT mice plucked after the hair cycle completion at day 20 after depilation. *n* = 5 mice/genotype. Data are presented as mean ± SD (error bars); \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; Student's *t* test.](JCB_201404001_Fig3){#fig3}

miR-214 overexpression induces complex changes in gene expression programs in keratinocytes
-------------------------------------------------------------------------------------------

To explore molecular mechanisms underlying the phenotype in miR-214 transgenic mice and identify potential targets of miR-214 in the keratinocytes, global mRNA expression profiling was performed in the back skin epithelium of neonatal DTG mice (P2.5), which received Dox for 48 h before skin collection ([Fig. 4 A](#fig4){ref-type="fig"}). The raw microarray expression profiles were background corrected and normalized with Bioconductor package limma ([@bib62]), and genes with more than twofold expression change in the epithelium of DTG mice compared with WT controls were identified as differentially expressed ([Fig. 4 B](#fig4){ref-type="fig"}). The in-house functional ontology database was used to categorize differentially expressed genes into the set of 12 distinct functional categories ([@bib37]). Bioinformatic analysis revealed twofold and higher changes in expression of 1,026 genes in skin epithelium of DTG versus WT mice ([Fig. 4 B](#fig4){ref-type="fig"} and [Tables S1 and S2](http://www.jcb.org/cgi/content/full/jcb.201404001/DC1){#supp2}). Differentially expressed genes that belong to the "cell cycle" and "signaling" categories were further validated by RT-qPCR.

![**Global gene expression profiling of the back skin epithelium of WT and K14-rtTA/miR-214-TRE mice.** (A) Schematic illustration of the experimental design. (B) Agilent microarray analysis of the back skin epithelium of DTG and WT mice. A bar chart depicts the ontology of the down- and up-regulated genes and the actual number of genes with more than twofold expression change in DTG and WT skin; (a full list of the genes is shown in [Tables S1 and S2](http://www.jcb.org/cgi/content/full/jcb.201404001/DC1){#supp3}). (C) Validation of microarray. Real-time RT-PCR analysis of expression of the selected genes is shown. *n* = 3 mice/genotype. Data are presented as mean ± SD (error bars); \*, P \< 0.05; \*\*, P \< 0.01; Student's *t* test.](JCB_201404001_Fig4){#fig4}

Using RT-qPCR, we confirmed that the transcript levels of *Ccnb1*, *Ccnd1*, *Ccnd2*, and *Cdk1* (cyclin B1, cyclin D1, cyclin D2, and cyclin-dependent kinase 1) were significantly lower in DTG mice compared with the WT littermates ([Fig. 4 C](#fig4){ref-type="fig"}). These data suggest that miR-214 indeed exerts inhibitory effects on cell proliferation, which were consistent with the epidermal and HF phenotypes seen in DTG mice ([Figs. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}).

Interestingly, microarray analysis revealed changes in the expression of the genes encoding the components of several signaling pathways that are crucial for HF development and cycling, such as Wnt, Shh, Edar, and Bmp ([@bib7]; [@bib57]; [@bib6]). RT-qPCR confirmed significant down-regulation of the *Ctnnb1* and *Lef-1* expressions in the skin of DTG mice, which suggests inhibition of Wnt signaling activity induced by miR-214. Also, expressions of several genes that belong to Hedgehog signaling, such as *Shh* and its receptors *Smo* and *Ptch2*, were dramatically decreased in the epithelium of DTG versus WT mice. In addition, overexpression of miR-214 led to a significant decrease in the expression of *Edar* and the BMP inhibitor *Sostdc1* ([Fig. 4 C](#fig4){ref-type="fig"}). These data provide evidence that the effects of miR-214 on HF development and cycling are mediated, at least in part, by genes that control keratinocyte proliferation and mediate activity of key signaling pathways (Wnt, Hedgehog, Bmp, and Edar) known to be crucial for skin development and hair growth.

miR-214 overexpression in epithelial progenitor cells alters expression of key regulators of HF development and cycling
-----------------------------------------------------------------------------------------------------------------------

To further investigate the effects of gain of miR-214 functions on the activity of selected signaling pathways in skin, we analyzed the pattern of the expression of their different components in embryonic and postnatal skin of DTG and age-matched WT mice. Quantitative immunofluorescence analysis revealed the decreased levels of β-catenin, the downstream component of the Wnt pathway, in the HF placode epithelium of DTG mice (stages 1--2 of HF development; [Fig. 5, A and H](#fig5){ref-type="fig"}). Consistent with these data, a significant decrease of the β-catenin protein levels in the total skin of DTG mice was confirmed by Western blotting ([Fig. 5 A](#fig5){ref-type="fig"}). Lef-1 expression was also markedly decreased in the HF placode epithelium and in the developing dermal papilla ([Fig. 5, B and H](#fig5){ref-type="fig"}). In contrast, pSmad1/5/8 expression increased in the developing hair placodes and interfollicular epidermis of DTG mice versus WT controls, which suggests activation of BMP signaling driven by miR-214 overexpression ([Fig. 5, C and H](#fig5){ref-type="fig"}). Gain of miR-214 in the skin also resulted in the reduced expression of Shh ([Fig. 5, D and I](#fig5){ref-type="fig"}; and Fig. S1 F) and Edar ([Fig. 5, D, E, and H](#fig5){ref-type="fig"}). Analysis of Cyclin D1 and Cyclin D2 expression also revealed their decreased expression in the developing hair placodes ([Fig. 5, F--H](#fig5){ref-type="fig"}), as well as a reduced number of Cyclin D1--positive cells in the epidermis of DTG mice versus WT mice (Fig. S1 G). However, there were no changes in the expression of selected stem cell markers, such as Sox9 and Lhx2, between the hair placodes of DTG and WT mice (Fig. S1 H).

![**Effect of miR-214 overexpression on the key regulators of HF morphogenesis.** (A, left) Immunofluorescence analysis of β-catenin (red) with nuclear staining (DAPI, blue). There was a marked decrease of β-catenin in hair placode epithelium of DTG mice at E17.5. (A, right) Western blot and its densitometry analysis. There were reduced levels of β-catenin protein in the skin of DTG mice at P0; data are shown as β-catenin band density normalized relative to β-actin. The data shown are from a single representative experiment out of three repeats. (B) Reduced expression of Lef-1 (red fluorescence) in hair placode epithelium and mesenchyme (asterisks) in the skin of DTG mice with nuclear staining (DAPI, blue). (C) More prominent expression of pSmad1/5/8 in DTG hair placodes and intrafollicular epidermis versus WT mice (red fluorescence; nuclear staining with DAPI, blue). (D and E) Decreased expressions of Shh (D) and Edar (E) in the HF placodes of DTG mice (red/green fluorescence; nuclear staining with DAPI, blue). (F and G) Reduced expression of Cyclin D1 (F) and Cyclin D2 (G) in the DTG hair placodes and the epidermis (red fluorescence; nuclear staining with DAPI, blue). (H) Quantitative immunofluorescence analysis. Immunofluorescence intensity was normalized to the number of DAPI+ cells in the selected areas. *n* = 3 mice/genotype. Data are presented as mean ± SD (error bars); \*, P \< 0.05; Student's *t* test. Broken lines demarcate the examples of the areas used for quantitative immunofluorescence analysis. Bars: (A--E) 25 µm; (F and G) 50 µm.](JCB_201404001_Fig5){#fig5}

Similar to the HF development, elevation of miR-214 levels during hair cycle resulted in decreased expressions of β-catenin and Lef-1 in the hair matrix and the dermal papilla of DTG follicles, whereas Sox2 expression in the dermal papilla remained unchanged ([Fig. 6, A, B, and G](#fig6){ref-type="fig"}; and Fig. S1 I). Also, quantitative immunofluorescence analysis revealed increased expression of pSmad 1/5/8 in differentiating HF keratinocytes of DTG versus WT mice ([Fig. 6, C and G](#fig6){ref-type="fig"}). Shh expression was strongly decreased in the hair matrix of DTG HFs ([Fig. 6, D and G](#fig6){ref-type="fig"}). Consistent with microarray data, expression of cyclin D1 was also decreased in the hair matrix of DTG HFs ([Fig. 6, E and G](#fig6){ref-type="fig"}), and reduced expression of cyclin-dependent kinase 1 was also seen in the hair matrix of miR-214 transgenic mice ([Fig. 6, F and G](#fig6){ref-type="fig"}). In addition, expression of the Dlx3 transcription factor involved in the control of HF keratinocyte differentiation was less pronounced in transgenic HFs versus the controls (Fig. S1 J). Overexpression of miR-214 during the hair cycle was associated with a significant decrease in the number of Sox9-positive cells in the outer root sheath, which suggests a reduced supply of the progenitor cells from the bulge for the hair matrix of actively growing HFs upon miR-214 overexpression ([Fig. 6 H](#fig6){ref-type="fig"}).

![**Effect of miR-214 overexpression on the key regulators of HF cycling.** (A and B) Reduced expression of β-catenin and Lef-1 (red fluorescence) in the hair matrix (arrows) and dermal papilla (asterisks) of DTG follicles (nuclear staining with DAPI, blue). (C) Increased pSmad 1/5/8 expression in the postmitotic keratinocytes of the hair bulb and precortex in DTG mice (arrow; red fluorescence; nuclear staining with DAPI, blue). (D) Decrease in Shh expression in the hair matrix of DTG mice (arrow; red fluorescence; nuclear staining with DAPI, blue). (E and F) Decreased expression of cyclin D1 (red fluorescence) and cyclin-dependent kinase 1 (green fluorescence) in the hair matrix of DTG mice (arrows; nuclear staining with DAPI, blue). (G) Quantitative immunofluorescence analysis. Immunofluorescence intensity was normalized to the number of DAPI+ cells. *n* = 3 mice/genotype. The broken lines demarcate the areas of the examples used for quantitative immunofluorescence analysis. (H, left) Immunodetection of Sox9+ cells in the HF outer root sheath (red fluorescence). (H, right) Quantification of Sox9+ cells in the outer root sheath. *n* = 3 mice/genotype. Data are presented as mean ± SD (error bars); \*, P \< 0.05; \*\*, P \< 0.01; Student's *t* test. Bars: (A--F) 50 µm; (H) 25 µm.](JCB_201404001_Fig6){#fig6}

These data suggest that miR-214 exerts inhibitory effects on HF development and cycling, at least in part, by regulating the activity of key signaling pathways (Wnt, Hedgehog, Bmp, and Edar) in keratinocytes, as well as by modulation of Wnt signaling in dermal papilla fibroblasts.

β-Catenin is a direct target of miR-214 in keratinocytes
--------------------------------------------------------

To identify the direct targets of miR-214 in keratinocytes, gene expression profiling results obtained from the epithelium of neonatal DTG mice after 48 h of Dox activation were linked with four databases for prediction of miRNA targets, including PITA, miRanda, miRDB, and Targetscan ([@bib52]; [@bib36]; [@bib29]; [@bib69]; [Fig. 7 A](#fig7){ref-type="fig"}). The largest number of possible miR-214 target genes was predicted by PITA and miRanda (192 and 78, respectively), whereas TargetScan and miRDB showed only 18 and 11 possible targets, respectively. Intersections of PITA, miRanda, and miRDB predictions identified nine common possible miR-214 targets, including *Ctnnb1* and *Shh* (Fig. S1 K). However, an overlap of all four databases revealed only three predicted target genes for miR-214, whose expression was altered in keratinocytes of DTG mice, including *Ctnnb1*, but not *Shh* ([Fig. 7 A](#fig7){ref-type="fig"} and Fig. S1 K).

![**miR-214 modulates the activity of Wnt signaling by targeting β-catenin.** (A) A Venn diagram depicting the overlap of four databases for prediction of miR-214 targets (PITA, miRanda, miRDB, and Targetscan) with gene expression profiling in the epithelium of neonatal DTG and WT mice after 48 h of Dox treatment. Only down-regulated genes (\<1.5-fold) were included in the analysis. (B) Predicted interactions between miR-214 and *Ctnnb1*. Alignment of mouse and human sequences in the 3′ UTR of *Ctnnb1* mRNA is shown. (C) Significant reduction in luciferase activity in HaCaT cells due to cotransfection with miR-214 mimic and the *Ctnnb1* 3′ UTR construct encompassing the putative miR-214 target site. No changes in luciferase activity were detected when the miRNA binding site was mutated (mut-3′UTR). Each sample was normalized to Renilla luciferase activity. The data shown are from a single representative experiment out of three repeats. For the experiment shown, *n* = 3 for all experimental conditions. (D) TOPflash reporter assay. There was significant induction in TOPflash reporter activity in HaCaT cells by BIO, which was diminished by miR-214 mimic. There were no changes in FOPflash activity in any experimental groups. The data shown are from a single representative experiment out of three repeats. For the experiment shown, *n* = 3. (E) Dual fluorescent in situ hybridization for miR-214 (red) and immunofluorescence of β-catenin (green). β-Catenin is expressed in the basal layer (arrowhead), while more prominent miR-214 expression was seen in the suprabasal cells of the E17.5 epidermis (arrow). There was coexpression of miR-214 and β-catenin in the developing HF (stage 3 morphogenesis) and anagen VI hair matrix (arrows). There was also a lack of miR-214 in β-catenin+ differentiating cells of the precortex (arrowhead). The broken line demarcates the epidermal--dermal border. (F) Real-time RT-PCR. β-Catenin expression in primary epidermal keratinocytes transfected with either miR-214 mimic or miR-214 inhibitor is shown. The data shown are from a single representative experiment out of three repeats. For the experiment shown, *n* = 3. (G) Western blot and its densitometry analysis. There were reduced levels of β-catenin protein in primary epidermal keratinocytes transfected with miR-214 mimic. Data are shown as β-catenin band density normalized relative to β-actin. The data shown are from a single representative experiment out of three repeats. (H) Immunocytochemistry and quantitative immunofluorescence. There was prominent β-catenin staining (red) in primary epidermal keratinocytes treated with the GSK-3β inhibitor LiCl compared with the control, and decreased β-catenin staining in the nucleus of keratinocytes transfected with miR-214 mimic and synergistically exposed to miR-214 mimic and LiCl. The data shown are from a single representative experiment out of three repeats. For the experiment shown, *n* = 3. Data are presented as mean ± SD (error bars); \*, P \< 0.05; \*\*, P \< 0.001; \*\*\*, P \< 0.0001; Student's *t* test. Bars: (E) 50 µm; (H) 5 µm.](JCB_201404001_Fig7){#fig7}

To validate the results of bioinformatic analysis and explore whether *β-catenin* and *Shh* 3′ UTRs carry functional binding sites for miR-214 ([Fig. 7 B](#fig7){ref-type="fig"} and [Fig. 1 L](#fig1){ref-type="fig"}), the luciferase reporter assay was performed. Cotransfection of HaCaT cells with miR-214 mimic and the *β-catenin* 3′ UTR reporter construct caused significant reduction in luciferase activity, compared with the corresponding control, whereas this effect was not detected when *β-catenin* 3′ UTR was mutated ([Fig. 7 C](#fig7){ref-type="fig"}), thus confirming that *β-catenin* is a direct target of miR-214. However, the luciferase reporter assay did not confirm the direct interactions between miR-214 and 3′ UTR of *Shh*, which suggests that a decrease of its expression in the HFs after miR-214 overexpression is a secondary effect mediated by other factors (Fig. S1 M).

Next, the effect of miR-214 on the β-catenin/Tcf-dependent transcription activity was evaluated by using the TOPflash reporter assay. A significant induction in TOPflash reporter activity, without any effect on FOPflash activity (negative control), was detected in HaCaT cells treated with a synthetic Wnt agonist 6-bromoindirubin-3′-oxime (BIO; [@bib42]; [@bib55]), whereas transfection of cells with miR-214 mimic significantly diminished TOPflash activity induced by BIO ([Fig. 7 D](#fig7){ref-type="fig"}).

Simultaneous in situ hybridization for miR-214 and immunofluorescence detection of β-catenin revealed a predominantly reciprocal expression pattern of miR-214 and β-catenin in the epidermis: miR-214 was seen in the suprabasal layer, whereas β-catenin was more strongly expressed in the basal cells ([Fig. 7 E](#fig7){ref-type="fig"}). A more complex pattern of miR-214 and β-catenin expressions was observed in the HFs: clear colocalization of miR-214 and β-catenin was seen in undifferentiated proliferating cells of the developing HFs and anagen hair matrix, whereas β-catenin was not coexpressed with miR-214 in the differentiating cells of the precortex ([Fig. 7 E](#fig7){ref-type="fig"}).

Furthermore, transfection of primary mouse epidermal keratinocytes (PMEKs) with either miR-214 mimic or its specific inhibitor resulted in the decrease and increase of the *β-catenin* mRNA expression, respectively ([Fig. 7 F](#fig7){ref-type="fig"}). Also, miR-214 mimic reduced levels of β-catenin protein in the keratinocytes ([Fig. 7 G](#fig7){ref-type="fig"}). miR-214 was also capable of interfering with the activity of Wnt signaling in keratinocytes induced by the GSK-3β inhibitor lithium chloride (LiCl; [@bib30]; [Fig. 7 H](#fig7){ref-type="fig"}). Immunofluorescence analysis confirmed that miR-214 mimic decreases nuclear and cytoplasmic β-catenin protein levels compared with the control. Moreover, miR-214 abrogated LiCl-induced β-catenin expression: both nuclear and cytoplasmic β-catenin levels were significantly decreased in the keratinocytes synergistically treated with LiCl and miR-214 mimic compared with the cells treated with LiCl alone ([Fig. 7 H](#fig7){ref-type="fig"}). Consistent with this observation, Western blot analysis showed reduced levels of β-catenin in the keratinocytes cotreated with LiCl and miR-214 mimic compared with the cells treated with LiCl solo (Fig. S1 N).

Collectively, these data suggest that β-catenin is a genuine target of miR-214, and that miR-214 is involved in the control of the activity of the Wnt pathway in keratinocytes.

Activation of Wnt signaling rescues the skin phenotype in miR-214 transgenic mice
---------------------------------------------------------------------------------

To further explore the functional links between miR-214 and β-catenin in vivo, miR-214 transgene was induced after E10.5, followed by the subcutaneous injections of Wnt agonist BIO on five consecutive days after birth. Although β-catenin mRNA levels were low in the skin of DTG mice treated with BIO, β-catenin protein expression was quite similar in the HFs of DTG and WT mice ([Fig. 8, A and B](#fig8){ref-type="fig"}). This suggests that the reduced levels of the β-catenin transcript were most likely compensated by β-catenin protein stabilization caused by the GSK-3 inhibition induced by BIO ([@bib42]). Pharmacological experiments revealed that BIO treatment lead to induction of new HFs in DTG mice postnatally, which resulted in the appearance of the HFs at early stages of morphogenesis (stages 2--3) in DTG mice followed by restoration of their total number, similar to the WT controls ([Fig. 8, C--E](#fig8){ref-type="fig"}). In addition, pharmacological Wnt activation resulted in a significant increase of the hair bulb diameter in the HFs at advanced stages (stages 6--7) of morphogenesis in DTG mice, whereas no increase of the hair bulb size was seen in WT mice treated with BIO ([Fig. 8 F](#fig8){ref-type="fig"}). These observations demonstrate that activation of Wnt signaling in DTG mice rescues the effects of miR-214 overexpression in vivo, confirming further that miR-214 does indeed interfere with Wnt pathway activity in the developing and postnatal skin.

![**Activation of Wnt signaling rescues the skin phenotype in miR-214 transgenic mice.** (A) Real-time RT-PCR. There were decreased levels of *β-catenin* transcript in the DTG skin treated with BIO versus BIO-treated WT mice. *n* = 3 mice/genotype. (B) Immunofluorescence analysis of β-catenin (red) in the HFs of WT and DTG mice treated with Wnt agonist BIO on 5 consecutive days (arrow). The broken lines demarcate the examples of the areas used for quantitative immunofluorescence analysis. Bar, 25 µm. (C) Representative microphotographs of back skin histology of WT and DTG mice after 5 d of BIO treatment at P5.5. Arrows show HF at 2--3 stages of morphogenesis. Bar, 100 µm. (D) There was a significant reduction in the number of HFs in DTG versus WT littermate at P5.5, while there was no difference in HF number between WT and DTG mice after 5 d of BIO treatment. Bar, 50 µm. *n* = 3 mice/genotype. (E) Quantitative analysis of HF at different stages of morphogenesis in the skin of WT and DTG mice after 5 d of BIO treatment. *n* = 3 mice/genotype. (F) Histomorphometric analysis of hair bulb diameter in DTG and WT skin treated with BIO as measured across the widest part. *n* = 3 mice/genotype. Data are presented as mean ± SD (error bars). \*, P \< 0.05; Student's *t* test.](JCB_201404001_Fig8){#fig8}

Discussion
==========

MicroRNA-dependent control of gene expression plays a fundamental role in the balancing and fine-tuning of lineage-specific differentiation programs in many organs, including skin ([@bib4]; [@bib77]). In this paper, we identify a novel role for miR-214 in the control of skin and HF development, and demonstrate that: (1) miR-214 shows spatial-temporal changes in the expression pattern in the skin during HF morphogenesis and cycling; (2) inducible overexpression of miR-214 in keratinocytes inhibits cell proliferation, and results in a formation of fewer HFs with decreased size of the hair bulb, which produce thinner hair; (3) miR-214 regulates the balance in the activities of multiple signaling pathways, including Wnt, Shh, Edar, and Bmp, in developing and postnatal skin; and (4) β-catenin serves as a direct miR-214 target in keratinocytes.

During skin development and postnatal growth, miR-214 expression predominates in differentiating populations of keratinocytes committed either to epidermal or HF cell fates (suprabasal epidermal or hair matrix keratinocytes, respectively), whereas its expression in the progenitor cell populations of the basal epidermal layer or HF outer root sheath appears to be considerably lower. K14-driven miR-214 overexpression in the progenitor cell populations of the epidermis and HF results in a reduced epidermal proliferation and accelerated differentiation, as well as in formation of ∼30% fewer HFs with decreased hair bulb size and producing thinner hairs.

Skin and HF morphogenesis is controlled by coordinated activities of the Wnt, Hedgehog, Edar, Bmp, Fgf, Notch, and other signaling pathways ([@bib44]; [@bib56]; [@bib6]). Among these pathways, Wnt signaling operates as the most powerful regulator of skin development. It controls cell proliferation in both epithelium (epidermis, HF matrix) and mesenchyme, and regulates differentiation of hair matrix keratinocytes and the morphogen-producing activity of dermal papilla cells ([@bib81]; [@bib25]; [@bib3]; [@bib18]; [@bib16]; [@bib20]; [@bib67]). In the developing HFs, the Wnt signaling pathway operates as the activator of the placode formation, whereas BMP signaling inhibits this process and, together with Wnt inhibitors, Dkk1/2/4 promotes the interplacode cell fate in the epidermal progenitor cells ([@bib8]; [@bib27]; [@bib3]; [@bib61]). In turn, FGF and Edar pathways promote the placode cell fate, at least in part, by inhibiting the activity of BMP signaling ([@bib17]; [@bib49]), whereas Edar via the NF-kB pathway stimulates expression of the BMP antagonists, such as connective tissue growth factor (CTGF) and Follistatin ([@bib45]). Edar serves as a downstream effector of Wnt signaling, which is initially activated in preplacodes independently of Edar/NF-κB activity, whereas later Edar signaling is required to refine the pattern of Wnt/β-catenin activity via stimulation of expression of the Wnt10b in the placode progenitor cells ([@bib79]). In addition, Edar signaling promotes HF placode formation by stimulation of Sonic hedgehog expression ([@bib50]), which operates as a potent stimulator of keratinocyte proliferation in the developing HF ([@bib63]; [@bib15]).

Recent data suggest that the activity of the Wnt signaling pathway varies considerably in distinct skin compartments: low levels of activity are required for maintenance of epidermal proliferation, medium level signaling is required for maintenance of epithelial--mesenchymal interactions in the hair bulb to promote active hair growth phase, and high activity promotes hair shaft differentiation ([@bib16]). Our data demonstrate that miR-214 contributes to the regulation of the activity of Wnt signaling in the developing and postnatal skin, at least in part, by targeting its key component β-catenin: (1) miR-214 and β-catenin exhibit reciprocal expression pattern in the epidermis, whereas miR-214 and β-catenin are colocalized in undifferentiated epithelial cells of the hair peg and in hair matrix keratinocytes; (2) β-catenin expression is markedly decreased in the epidermis, HF placodes, HF matrix, and dermal papilla after K14-driven miR-214 overexpression; (3) bioinformatic prediction analysis and experimental data confirms direct targeting of *β-catenin* 3′ UTR by miR-214 in keratinocytes; and (4) miR-214 is capable of interfering with the activity of Wnt signaling after its activation by the GSK-3β inhibitors both in vitro and in vivo.

Furthermore, the skin phenotype of miR-214 transgenic mice (decreased epidermal proliferation, proportional decrease in the number of all HF types, decrease of the size of hair bulbs, and formation of thinner hair versus the corresponding WT controls) is consistent with the skin phenotype of mice with conditional ablation of β-catenin either in keratinocytes or in the dermal papilla fibroblasts ([@bib25]; [@bib18]; [@bib67]). Importantly, the key features of the skin phenotype in miR-214--overexpressing mice (decrease of the HF number and hair bulb size) are rescued by pharmacological activation of the Wnt pathway in vivo, thus further supporting the links between miR-214 and Wnt pathway activity in the skin. These data are also consistent with data published previously showing miR-214 targeting of β-catenin in hepatocellular carcinoma cells ([@bib71]).

The Wnt signaling pathway is a potent regulator of cell proliferation, and many effects of miR-214 on skin and HF development are most likely associated with interference with cell cycle regulation: indeed, short-term activation of miR-214 (48 h) suppressed the expressions of several cyclins and cyclin-dependent kinases, including *cyclin B*, *cyclin D1*, *cyclin D2*, and *cdk1*. Consistent with these observations, substantial up-regulation in the cyclin-dependent kinase inhibitors p16 and p19 was still detected in fully developed follicles of the K14rtTA/TRE-miR-214 mice, which suggests the activation of the anti-proliferative program in response to increased levels of miR-214 in the keratinocytes. These data are in line with the results obtained in other models demonstrating that miR-214 expression is substantially decreased in cutaneous squamous cell carcinoma ([@bib75]) and that the anti-proliferative effects of miR-214 in the myoblast cell line are achieved by targeting Nras ([@bib38]).

Reduced cell proliferation seen in the epidermis and HFs in K14rtTA/TRE-miR-214 mice could also be a result of altered activity of Shh signaling. Indeed, K14rtTA/TRE-miR-214 mice showed decreased expression of Shh and its signal tranducer Smo. Shh signaling is required for post-hair placode initiation growth by stimulating proliferation of HF epithelial cells via transcriptional activation of cyclin D1 and cyclin D2 ([@bib63]; [@bib15]; [@bib43]; [@bib57]). Shh also promotes epidermal proliferation ([@bib82]). In adult mice, Shh is essential for anagen onset and proper hair cycling ([@bib54]; [@bib70]). However, our experimental data validating the bioinformatic prediction suggested that *Shh* does not serve as a direct miR-214 target in the keratinocytes. Given that Wnt signaling operates as upstream of Edar and Shh pathways in the control of the HF placode formation ([@bib57]; [@bib79]), these data suggest that down-regulation of Edar and Shh expression seen in the HF placodes of miR-214 DTG mice is, most likely, a result of the indirect effects linked to the miR-214--mediated decrease of Wnt signaling activity in keratinocytes.

Our data demonstrating that overexpression of miR-214 results in the development of smaller HFs producing thinner hair suggest miR-214 involvement in the control of HF size and its relevance to the mechanisms that contribute to HF miniaturization seen in androgenetic alopecia ([@bib21]). However, additional studies are required to assess the role of miR-214 in the control of HF size in human skin, as well as the potential involvement of miR-214 in regulation of the activity of distinct HF stem cell populations residing in secondary hair germ and bulge during hair cycle ([@bib24]; [@bib53]). Our data suggest that the decrease of HF size in K14rtTA/TRE-miR-214 mice could not only be associated with the decreased proliferation in the hair matrix, but also with miR-214 effects on the migration of the progenitor cells from the bulge alongside the outer root sheath toward the hair matrix.

Indeed, K14rtTA/miR-214 HFs contained significantly fewer Sox9+ cells in the outer root sheath. Sox9 is a transcriptional regulator that is expressed in the HF stem cells and their outer root sheath progenies, and is required for guiding stem cell progenies to the hair matrix ([@bib68]). Therefore, a reduced number of Sox9+ cells in the transgenic follicles suggests the inhibitory action of miR-214 on stem cells and their progenies, which contributes to the formation of the smaller hair bulbs. However, these effects could also be associated with decreased β-catenin expression, as β-catenin is acting as the upstream regulator of Sox9 expression in the intestinal epithelium and neural crest cells ([@bib5]; [@bib39]).

In addition to the changes seen in the HF epithelium, a significant reduction in the number of dermal papilla cells was observed in K14rtTA/miR-214 mice. This is consistent with previously published data demonstrating that a decrease of the hair bulb size is associated with reduced cellularity of the dermal papilla ([@bib14]). Similar to mice with conditional ablation of β-catenin in the HF mesenchyme ([@bib18]), miR-214 overexpression results in the decrease of β-catenin, Lef1 expression, and lack of changes in Sox2 in the dermal papilla. Therefore, the effects seen in K14rtTA/miR-214 mice could be a result of the altered epithelial--mesenchymal interactions. Also, given that miRNAs are capable of exerting paracrine effects on distantly located cellular targets ([@bib83]), additional studies are required to clarify whether miR-214 overexpression in keratinocytes could directly influence cell number and gene expression in dermal papilla fibroblasts, or if other paracrine factors released from keratinocytes affect traffic of the connective tissue progenitor cells to populate dermal papilla and/or their activity in the HFs in K14rtTA/miR-214 mice.

Additional studies are also required to define the upstream regulators that control miR-214 expression in the different cell types in the skin. For example, it has previously been shown that Twist1 transcriptionally regulates miR-214 expression in specific neural cell populations ([@bib33]); however, a role of Twist1 in skin development and HF cycling remains unknown and needs to be carefully explored. Identification of the miR-214 upstream regulators in skin will help to recognize novel players in the miRNA-mediated gene regulatory circuits controlling keratinocyte proliferation and differentiation in the developing and postnatal skin.

In summary, our data reveal that miR-214 is a key determinant that controls the activity of the Wnt signaling pathway and β-catenin expression in the developing and postnatal skin and HFs. Because Wnt signaling plays a crucial role in the control of stem cell activity in many organs during development and regeneration, while its uncontrolled activation results in tumorigenesis ([@bib12]; [@bib40]), these data provide an important foundation for further analyses of the role of miR-214 as a regulator of Wnt pathway activity in many areas of research, including stem cell and cancer biology, regenerative medicine, and aging.

Materials and methods
=====================

Generation of transgenic mice
-----------------------------

Animal studies were performed under protocols approved by Boston University and Home Office Project License (UK). K14-rtTA/TRE-miR-214 mice were generated on an FVB background. To generate TRE-miR-214 construct, a DNA fragment containing the precursor-mmu-miR-214 coding sequence was isolated from pCMV-miR-214 plasmid DNA (SC400919; OriGene) followed by blunt-end ligation into the pSTblue-1 vector (EMD Millipore). This fragment was then excised and ligated into BamHI--SalI sites of the pTRE2-Dual 2 plasmid (Takara Bio Inc.), which contains a pTight promoter consisting of a modified minimal CMV promoter, and seven direct repeats of a 36-bp regulatory sequence that contains the 19-bp tet-operator sequence, mCherry, and an internal ribosome entry site (IRES2). All cloning was verified by sequencing. A PspxI fragment from TRE-miR-214 construct was purified and pronuclear injections were performed in the Transgenic Core at the Boston University School of Medicine using FVB/NJ mice as a genetic background. Founders were identified by PCR using transgene promoter--specific DNA primers: forward, 5′-GTTCATGTACGGCTCCAAG-3′; and reverse, 5′-CGCAGCTTCACCTTGTAG-3′. To generate double-transgenic K14-rtTA/TRE-miR-214 mice, TRE-miR-214 mice were crossed with K14-rtTA according to standard protocols. To activate expression of tet/Dox-responsive transgenes, mice were fed chow containing 625 mg Dox/kg chow (Harlan Laboratories, Inc.). For activation of Wnt signaling, BIO (R&D Systems) was administered subcutaneously to back skin of neonatal mice in a concentration 2 µg/g ([@bib22]; [@bib31]) during five constitutive days starting from day 0 after birth.

Genotyping
----------

Genotyping was performed using the following primers and PCR parameters. For K14rtTA mouse genotyping, primer sequences used were provided by The Jackson Laboratory, including forward primer oIMR7862, 5′-CACGATACACCTGACTAGCTGGGTG-3′; and reverse primer oIMR7863, 5′-CATCACCCACAGGCTAGCGCCAACT-3′ (PCR parameters: 94°C for 3 min \[94°C for 30 s, 67°C for 60 s, 72°C for 60 s\] for 35 cycles, 72°C for 2 min). For TRE-miR-214 mice, the forward primer, 5′-AGAACGTATGTCGAGGTAG-3′; and reverse primer, 5′-TTGGAGCCGTACATGAAC-3′ were used (PCR parameters: 94°C for 3 min \[94°C for 30 s, 67°C for 60 s, 72°C for 60 s\] for 35 cycles, 72°C for 2 min).

In situ hybridization, immunofluorescence, and histology
--------------------------------------------------------

Skin cryosections (10 µm) were fixed in 4% paraformaldehyde for 10 min at room temperature. In brief, tissue sections were acetylated in triethanolamine buffer (4.5 mM triethanolamine, 6 M NCl, and 3 mM acetic anhydride) for 10 min and permeabilized (1% Triton X-100/1× DEPC-treated PBS) for 30 min, slides were hybridized with 2.5 pmol DIG-labeled miR-214 probe (Exiqon) diluted in hybridization buffer (50% formamide DI, 2× saline-sodium citrate (SCC), 1% dextran sulfate, and 0.4 mg/ml tRNA) for 16--18 h at 55°C overnight. Slides were subsequently washed twice in SCC (10 min, 4 times, 65°C), 0.1× SCC (60 min, 65°C), and 0.2× SCC (10 min, RT). Immunodetection of miR-214 was performed with sheep alkaline phosphatase--conjugated anti-DIG antibody (1:5,000; Roche) followed by a staining reaction with NBT/BCIP solution (Roche) for 16--18 h at RT. Alternatively, the signal was developed with the Tyramide Signal Amplification (TSA) system with FITC-conjugated reagent (PerkinElmer).

For immunofluorescence, the formalin-fixed cryosections or methanol-fixed cells were incubated with primary antisera listed in [Table 1](#tbl1){ref-type="table"} overnight at 4°C, followed by application of corresponding Alexa Fluor 555 or Alexa Fluor 488 antibodies (1:200; Invitrogen) for 45 min at 37°C. Incubation steps were interspersed by washes with PBS. Sections were counterstained with DAPI.

###### 

Primary antibodies and associated dilutions

  Antibody             Host         Dilution   Source
  -------------------- ------------ ---------- --------------------------------
  β-Catenin            Rabbit       1:2,000    Abcam
  BrdU                 Sheep        1:100      Abcam
  CD34                 Goat         1:200      BD
  Cyclin D1            Rabbit       1:100      Abcam
  Cyclin D2            Rabbit       1:100      Abcam
  Cdk1                 mouse        1:100      Abcam
  Cytokeratin 10       Rabbit       1:500      Abcam
  Cytokeratin 14       Guinea pig   1:500      Acris
  Dlx3                 Goat         1:500      Santa Cruz Biotechnology, Inc.
  Edar                 Goat         1:500      R&D Systems
  Ki67                 Rabbit       1:100      Abcam
  Lef-1                Rabbit       1:100      Cell Signaling Technology
  Lhx2                 Goat         1:200      Santa Cruz Biotechnology, Inc.
  Loricin              Rabbit       1:100      Abcam
  Phospho-H3           Rabbit       1:100      Cell Signaling Technology
  Phospho-Smad 1/5/8   Rabbit       1:500      Abcam
  Sox 2                Goat         1:200      Santa Cruz Biotechnology, Inc.
  Sox 9                Rabbit       1:250      Santa Cruz Biotechnology, Inc.
  Shh                  Rabbit       1:100      Santa Cruz Biotechnology, Inc.

For dual fluorescent in situ hybridization and immunofluorescence developed with the TSA system, in situ hybridization slides were processed for β-catenin immunofluorescence as described in the previous paragraph. For double immunofluorescence of Keratins and BrdU, the slides were treated with DNase I (20 µg/ml; Sigma-Aldrich) for 2 h at 37°C, then incubated with primary antibodies against BrdU (1:500; Abcam), followed by subsequent antibody costaining as described in the previous paragraph.

For detection of endogenous alkaline phosphatase, acetone-fixed cryosections (10 µm) were incubated in developing solution (100 mM NaCl, pH 8.3, 100 mM Tris, pH 9.5, 20 mM HCl, 0.05% Naphtol ASBI phosphate, 0.5% DMF, 25 mM sodium-nitrite, and 5% New fuchsin) for 15 min, followed by a quick wash in PBS and immersion of the slides in Vector Hematoxylin Nuclear counterstain solution (Vector Laboratories) for 30 s at RT ([@bib10]; [@bib48]).

Microscopy and image analyses
-----------------------------

Images were taken at RT using the fluorochromes DAPI, Alexa Fluor 488 (green), and Alexa Fluor 555 (red). Fluorescence images were acquired with a microscope (Eclipse50i) equipped with a Plan Fluor 20×/0.50 NA or 40×/0.75 NA objective lens (Nikon), a camera (EXi Aqua; QImaging), and Image-Pro Express software (version 6.3; Media Cybernetics). Bright-field microscopy was performed using a microscope (Eclipse 50i; Nikon) equipped with a Plan Fluor 20×/0.50 NA or 40×/0.75 NA objective lens (Nikon), a camera (VisiCam 3.0; VWR International), and Visi-Cam Image Analyzer software (VWR International). No imaging medium was used. For the illustration purposes, images of the skin cryosections were adjusted using the levels and brightness/contrast tools in Photoshop (CS6; Adobe); the same adjustments were applied to every pixel in each RGB channel.

Microarray and real-time PCR
----------------------------

Newborn K14-rtTA/TRE-miR-214 and WT mice were treated with Dox for 48 h to induce miR-214 followed by skin harvesting. Skins were treated with dispase at 37°C for 30 min to collect epidermis and HF epithelium. Total RNA was isolated by TRIzol (Sigma-Aldrich) and processed for microarray analysis by using 41K Whole Mouse Genome 60-mer oligo-microarray (Agilent Technologies). Expression of miR-214 was determined using TaqMan real-time PCR Assay (Applied Biosystems) under the following cycling conditions: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s.

Differences between samples and controls were calculated based on the Ct (^ΔΔ^Ct) method and normalized to the small nucleolar RNA 202 values (SnoRNA). Data were pooled, the means ± SD were calculated, and statistical analysis was performed using an unpaired Student's *t* test. Quantitative RT-PCR for mRNA was performed with iQ SYBR Green Supermix (Bio-Rad Laboratories), using 10 ng cDNA and 1 µM primers. PCR primers were designed with Beacon Designer software (Premier Biosoft International; [Table 2](#tbl2){ref-type="table"}). Amplification was performed at the following conditions: 95°C for 5 min, followed by 40 cycles of denaturation (95°C for 15 s), annealing (30 s at temperature experimentally determined for each primer pairs), and elongation (72°C for 15 s). Data analysis was performed as described above. Differences between samples and controls were calculated based on the Ct (^ΔΔ^Ct) method and normalized to *β-actin*. Statistical analysis was performed using an unpaired Student's *t* test.

###### 

List of primers used for RT-qPCR

  Gene                                                     Accession                      Sense sequence (5′-3′)    Anti-sense sequence (5′-3′)
  ----------- -------------------------------------------- ------------------------------ ------------------------- -----------------------------
  *Axin*      Axin2                                        [NM_015732](NM_015732)         CACCTCTCCTCTGTTACCTTC     GTCAACGCTCTGCCCTAC
  *Actb*      Actin, β                                     [NM_007393](NM_007393)         TTCCAGCCTTCCTTCTTG        GGAGCCAGAGCAGTAATC
  *Ctnnb1*    Catenin, β1                                  [NM_001165902](NM_001165902)   GCCACCAAACAGATACATAC      CCTCTCAGCAACTCTACAG
  *Cdkn2a*    Cyclin-dependent kinase inhibitor 2A         [NM_009877](NM_009877)         GCTCTTTGTGTTCCGCTG        CTCTGCTCTTGGGATTGG
  *Cdkn2d*    Cyclin-dependent kinase inhibitor 2D (p19)   [NM_009878](NM_009878)         GGCTCCTACAGGCAACAG        TAGATGGCTCACACTTCAGG
  *Ccnd1*     Cyclin D1                                    [NM_007631](NM_007631)         GAGACCATTCCCTTGACTGC      GAAATGAACTTCACATCTGTGGC
  *Ccnd2*     Cyclin D2                                    [NM_009829](NM_009829)         GGATGCTAGAGGTCTGTGAGG     CCAACACTACCAGTTCCCAC
  *Ccnb1*     Cyclin B1                                    [NM_172301](NM_172301)         ATAATCCCTCTCCAAGCCCG      CTGCTCTTCCTCCAGTTGTC
  *Cdk1*      Cyclin-dependent kinase 1                    [NM_007659](NM_007659)         ATCAGACTTGAAAGCGAGGA      GGTGTAAGTAACTCTTAACGAGTG
  *Edar*      Ectodysplasin-A receptor                     [NM_010100](NM_010100)         GCCCCACCGAGTTGCCGTTT      CCAGCCGCTCGATCTGCACC
  *Krt10*     Keratin 10                                   [NM_010660](NM_010660)         AGTCTGAAATCACTGAATTG      ATCTGGCTTTGAATCTGG
  *Lef-1*     Lymphoid enhancer binding factor 1           [NM_001276402](NM_001276402)   ACTCCAAGCAAGGCATGTC       GGGTGATCTGTCCAACGC
  *Lor*       Loricrin                                     [NM_008508](NM_008508)         TTCCAAACCCTTCACATTTTAAG   GGGAGGTAGTCATTCAGAAAC
  *Ptch2*     Patched homologue 2                          [NM_008958](NM_008958)         TCCGCACCTCATATCCTAGC      CTGTCTCAATTACAGCCACTCG
  *Smo*       Smoothened homologue                         [NM_176996](NM_176996)         GCTGGAGTAGTCTGGTTCGT      GAGTCTCCATCTACCTGAGCC
  *Sostdc1*   Sclerostin domain containing 1               [NM_025312](NM_025312)         CTTCCTCCTGCCATTCATCTC     GAACTCGACTGTTTCGATCCAG
  *Shh*       Sonic hedgehog                               [NM_009170](NM_009170)         GTTTATTCCCAACGTAGCCGA     CTTGTCTTTGCACCTCTGAGTC

Western blot analysis
---------------------

5 µg of protein was extracted from snap-frozen skin samples or cultured cells with lysis buffer consisting of 50 mm Tris-HCl, 1% NP-40, 0.25% sodium deoxycholate, 150 mm NaCl, 1 mm EDTA, pH 7.4, and Complete Ultra protease inhibitor cocktail (Roche). Protein concentrations were determined using the Bradford assay. Proteins were resolved via SDS-PAGE. Membranes were incubated with primary antibodies against β-catenin (1:2,000) and β-actin (1:2,000; [Table 1](#tbl1){ref-type="table"}) overnight at 4°C. Horseradish peroxidase-tagged IgG antibody was used as a secondary antibody (1:5,000; Thermo Fisher Scientific). Antibody binding was visualized with an enhanced chemiluminescence system (SuperSignal West Pico kit; Thermo Fisher Scientific) and the Gel Doc XR+ system (Bio-Rad Laboratories). Densitometric analysis was performed using ImageJ software (National Institutes of Health).

Histomorphometry, quantitative immunofluorescence, and statistical analysis
---------------------------------------------------------------------------

For histomorphometry analysis, every tenth cryosection of dorsal skin from K14-rtTA/TRE-miR-214 and WT mice was used to exclude the repetitive evaluation of the same HF. The number of HFs per millimeter of epidermal length was calculated using sections from dorsal skin of K14-rtTA/TRE-miR-214 and WT samples at the different developmental points, including E17.5, P0.5, and P8.5.5 (*n* = 3 per each experimental group). Proliferation in the epidermis was assessed by the calculation of the ratio of the number of Ki67+ cells to DAPI+ cells in 50--60 microscopic fields. Proliferation in the HF was assessed by calculating the ratio of pH3(Ser28)+ to DAPI+ cells per hair bulb in 50--60 HFs of either K14-rtTA/TRE-miR-214 or WT mice. The hair bulb diameter was measured across the widest part of the bulb (Auber line). Altogether, HFs in 50--60 microscopic fields from distinct time points were analyzed and compared with a corresponding number of HF from the appropriate age-matched WT mice. Comparative analysis of Sox9+ cells was done by evaluating the ratio of the number Sox9+ to DAPI+ cells in the outer root sheath (from the distal end of the bulb to the sebaceous duct). In total, 50--60 follicles of either WT or K14-rtTA/TRE-miR-214 mice were included in the analysis. Data were pooled, the means ± SD were calculated, and statistical analysis was performed using an unpaired Student's *t* test.

For the assessment of the hair shaft length and width of the four HF types (guard, awl, auchene, and zigzag), hairs were plucked from the back skin of K14rtTA/TRE-miR-214 (*n* = 4) and WT mice (*n* = 4) in the telogen phase of the hair cycle. The four hair types were distinguished on the basis of their hair length, number of kinks, and medulla width ([@bib60]). Hair shaft length and width of ∼250 plucked hair shafts per animal were measured using ImageJ software. Data were pooled, the means ± SD were calculated, and statistical analysis was performed using an unpaired Student's *t* test.

The percentage of HFs in different anagen stages was assessed and calculated in K14-rtTA/TRE-miR-214 at days 3 and 5 after the depilation-induced hair cycle, respectively, as well as in their corresponding WT littermates. All evaluations were performed using accepted, well-defined morphological criteria of HFs at early, mid, and late anagen phase based on the changes in the shape and size of the hair matrix and the dermal papilla ([@bib46]).

Immunofluorescence intensity was determined using ImageJ software, as described previously ([@bib51]). In brief, red or green fluorescent signal was collected from experimental tissues in RGB format using the same exposure conditions. To measure the fluorescence intensity at each pixel, the RGB images were converted to 8-bit grayscale format. Regions of interest of distinct size within the WT and DTG HFs were selected, and the mean values of intensity were calculated for each selected areas followed by the normalization relative to the number of DAPI+ cells.

Cell culture and transfections
------------------------------

PMEKs were prepared from newborn mice at P2--3. In brief, mouse skins were incubated in 0.25% trypsin at 4°C overnight. The epidermal portion was minced and filtered through a 70-µm cell strainer (BD Biosciences), which result in a single-cell suspension. PMEKs were grown in EMEM calcium-free medium (Lonza) supplemented with 0.05 mM calcium, at 33°C, 8% CO~2~ (Scientific Laboratory Suppliers, Hessle, UK) until 60--70% confluent. PMEKs were transfected with 200 nM of synthetic miR-214 inhibitor (anti-miR-214), miR-214 mimic (pro-miR-214), or miRNA negative controls (GE Healthcare), using Lipofectamine RNAiMax (Invitrogen). Cells were harvested 24 h after transfection and used for further analyses. To induce Wnt signaling, PMEKs were treated with 10 mM lithium chloride ([@bib30]). To examine the regulatory effects of miR-214 on Wnt/β-Catenin signaling, PMEKs were treated with 10 mM LiCl for 2 h, followed by transfection of cells with 200 nM pro-miR-214 or miRNA negative controls for 4 h at 33°C, 8% CO~2~. Cells were then harvested 24 h after transfection.

miRNA binding predictions
-------------------------

MiR-214 binding was estimated as a consensus from four different prediction algorithms: TargetScan (<http://www.targetscan.org/>) predicts biological targets of miRNAs by searching for the presence of conserved sites that match the seed region of each miRNA; miRBase (<http://microrna.sanger.ac.uk>) uses the miRanda algorithm to predict miRNA-mRNA pairs; miRDB (<http://mirdb.org/miRDB>) uses the MirTarget2 algorithm, which was developed by analyzing thousands of genes impacted by miRNAs; and PITA (<http://genie.weizmann.ac.il/pubs/mir07/mir07_data.html>) confirms candidates predicted by the other three algorithms.

Luciferase reporter assay
-------------------------

HaCaT cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with heat-inactivated 10% FBS in an atmosphere of 5% CO~2~ at 37°C, until 60--70% confluent. 3′ UTR fragments of *β-catenin* and *Shh* containing miR-214 putative target sites were amplified from mouse genomic DNA using forward and reverse primers containing XhoI and NotI restriction sequences, respectively. For 3′ UTR of *β-catenin* fragment, 5′-CGAGGAGTAACAATACAAATGG-3′ and 5′-CAGGTTCACTAGAACATAACAC-3′ forward and reverse primers, respectively, were used. To amplify a fragment of the 3′ UTR of *Shh*, 5′-ATGAACGGACCTTCAAGAGC-3′ and 5′-GCATAGCAGGAGAGGAATGC-3′ primers were used. The amplified fragments were cloned at XhoI and NotI sites downstream of CV40 promoter-driven Renilla luciferase cassette in pCHECK2 (Promega). Site-directed mutagenesis was performed using a QuikChange II XL Site-Directed Mutagenesis kit (Agilent Technologies) to mutate the β-catenin binding site according to the manufacturer's instructions. For the dual luciferase assay, these constructs (200 ng) were cotransfected with 200 nM miR-214 mimic or negative control mimic (GE Healthcare) into HaCaT cells using 0.5 µl Lipofectamine 2000 (Invitrogen) in 96-well plates. At 24 h after transfection, the relative luciferase activities were determined using Dual-Glo Luciferase Assay System (Promega). Assay was performed in triplicate for three independent trials.

TOPFlash and FOPFlash Wnt reporter assays
-----------------------------------------

HaCaT cells were seeded onto 12-well dishes 24 h before transfection. At 80% confluence, a TOPFlash Wnt reporter plasmid (plasmid 12456; Addgene) were transfected into each well in combination with (1) control oligonucleotide (200 nM), (2) 10 µM of BIO (R&D Systems), (3) pro--miR-214 (200 nM), and (4) pro--miR-214 (200 nM) and 10 µM BIO ([@bib54]). Transfection was done using Lipofectamine 2000 (Invitrogen). FOPFlash (TOPFlash mutant) reporter plasmid (plasmid 12457; Addgene) was used as a control. The cells were cultured for 24 h. The relative luciferase activities were determined using the Dual-Gloluciferase assay system (Promega) on a microplate reader (Infinite 2000; Tecan). All assays were performed in triplicate for three independent trials.

Online supplemental material
----------------------------

Fig. S1 shows additional details of the skin phenotype in K14-rtTA/miR-214-TRE mice during morphogenesis and the hair cycling, and the results of bioinformatic prediction of miR-214 targets in the keratinocytes and their validation. Tables S1 and S2 list the genes with down- and up-regulated expression in the skin epithelium of K14-rtTA/miR-214-TRE versus WT mice. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201404001/DC1>.
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